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high-throughput science, and
there are now whole buildings full
of theoreticians armed with
massive computing power. Has
theoretical biology arrived at last?
Within some of these buildings
it seems that time has taken a
giant step backwards. The figures
bent over their computer consoles
are engaged in much the same
quest as the frock-coated
microscopists and Dodo-stuffers
of bygone years; they are today’s
taxonomists, though their raw
materials are of course sequences
rather than morphological
features, and statistical models
and ingenious computer
algorithms have replaced
fixatives, stains and intuitive
systematics.
Taxonomy is a noble subject,
but it is the bedrock from which
conceptual leaps can be made
and not in itself what the
Serbelloni participants would
have called theory. Perhaps they
would have felt their goals were
closer to those of that other
constellation of theoreticians,
whose housing arrangements are
also undergoing an expansion:
the systems biologists. These
brave spirits seek, amongst other
things, to bring numerical
prediction and dynamic
modelling to cellular machinery.
If they succeed, we should be
able to interrogate a computer
program and discover how a
living system will respond to any
conditions we give it. The system
in question might be a special
pathway; in moments of hubris, it
could be a whole Escherichia coli
cell.
I have sampled my colleagues’
opinions and found a solid
consensus of opposition to
systems biology. Mathematical
models of complex biochemical
systems have never worked, they
say. Far better to go for logical,
diagrammatic, piece-by-piece
descriptions; then we will have the
large picture. The more eminent
the colleague, the more
confidently he or she asserts this
opinion.
So many wise heads must
surely be wrong. Unfortunately,
the arguments on their side are
rather good. Take the
transcription factor network of
E. coli. There are about 300 of
these factors and an
extrapolation from the hundred or
so currently studied suggests the
network will be very richly
interconnected, with much
feedback and multiple control of
genes. This, however, is the least
of the problem, for the operation
of these factors can also be
stochastic (there may be only a
few copies of any factor in the
cell), can depend on the
formation of elaborate
complexes, and can have a
baroque mode of control of
transcription, involving twisting or
looping out of DNA, for instance.
So what seems at first sight like a
mere matter of several hundred
rate equations turns into
labyrinthine nightmare. That’s
biology for you.
Pessimistic as this picture is, it
is not as bad as the alternative.
Listen to a biologist explaining a
complex system, with diagrams
of acronymic molecular
components, descriptive
schemes with boxes and arrows,
and with some detailed structural
information thrown in, and after a
while a blur builds up in the
mind. It is like a lecture on the
history of the Balkans. Neat
parcellations break down,
aggregates spring up
everywhere, you never know who
is related to whom, and all the
names are unpronounceable.
In my view, biology needs
numbers; not after the fashion of
physics, but in a good
engineering, computational spirit.
The Hodgkin–Huxley equations
and Denis Noble’s model of the
heart are fine examples of this,
though it could be objected that
they represent the most tractable
aspect of biological modelling,
with well-behaved components
(ions get up to fewer tricks than
proteins) and strong guiding
principles from electrochemistry.
This just means that we shall
have to find guiding principles for
other kinds of cellular machinery,
and acquire the skills to navigate
through the labyrinth. Human
ingenuity will find a way.
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Why are dogs of interest to
biologists? Over 400 breeds of
dog exist worldwide today, each a
closed breeding population with a
unique pattern of size,
morphology and behavior. But the
aggressive breeding programs
used to create purebred dogs
have burdened them with over
350 inherited disorders, many
associated with just one or a few
breeds. Breeds expanded rapidly
from popular sires to meet
breeders’ demands suffer the
most. It has been suggested that
the unique structure of the
purebred dog population may
greatly simplify the mapping of
genes associated with complex
traits that have proven intractable
by studying human families.
The canine genome map. The
most recently published canine
map, a joint venture between
investigators at the University of
Rennes and the Fred Hutchinson
Cancer Research Center (FHCRC)
has an average of one marker
every 900 kb across the dog’s 38
autosomes and X and Y
chromosomes. A minimal mapping
set of 325 well distributed, highly
polymorphic microsatellite markers
is available for genome-wide scans
of 8–10 cM density. Efforts are also
underway, in collaboration with
investigators at The Institute for
Genomic Research (TIGR), to order
10,000 independent genes derived
from the 1.5X sequence on the
canine chromosomal map. This will
provide a high density resource for
comparative mapping between the
human and dog genome. The
canine expressed sequence tag
(EST) project, an additional
resource, is providing a foundation
for much needed canine
expression arrays. The effort has
been led by investigators at Cold
Spring Harbor Laboratory who
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have already deposited over
10,000 random sequences
constructed from brain, testes and
MDCK cell cDNA libraries into a
publicly available database
(http://nucleus.cshl.edu/genseq/do
gweb/). 
The 1.5X canine genome
sequence. Investigators at TIGR
and the Center for Advancement
of Genomics recently surveyed the
dog genome sequence and
provided data summarizing 1.5X
coverage from a purebred male
standard Poodle. The sequence is
estimated to cover 77% of the
genome and contains 6.22 million
reads. More than 650 million base
pairs of dog sequence align
uniquely to the human genome,
and is estimated to include
fragments for 18,473 of 24,567
annotated human genes.
Estimates of the euchromatic
genome size for dog range from
2.31 to 2.47 billion base pairs,
somewhat smaller than the human
genome but similar to mouse.
Comparison of human and dog
genomes by radiation hybrid
mapping have revealed ~85
conserved blocks. Analysis of the
1.5X sequence confirms most of
these blocks, but predicts many
additional syntenic breaks and
suggests the final number of
orthologous blocks is ~200.
Among the most interesting
features of the canine genome is
that ~31% is composed of
repetitive sequences, smaller than
the 46% and 38% found in the
human and mouse genomes,
respectively. The most abundant
repeat, a SINE element
(SINEC_CF), is thought to be
derived from tRNA sequences. An
estimated 7% — 16,000 of 230,000
copies in the genome — of the
SINEC_CF elements are bimorphic
(two alleles) in the sequenced
Poodle. By comparison, the
number of bimorphic Alu
sequences in humans is estimated
to be only 1200.
Mapping simple mendelian
traits. Existing resources have
been used to tackle the mapping
of common canine disorders. The
top 10 diseases in purebred dogs
include several of major concern
to human medicine, such as
cancer, epilepsy,
immunodeficiencies, retinal
disease, cataracts and heart
disease. Disease loci have been
localized for several canine
diseases; some highlight genes
already suspected from studies of
human disorders such as kidney
cancer, hemophilia and immune
disorders. Others, such as the
hypocretin 2 receptor associated
with narcolepsy in Doberman
Pinschers, were previously
unknown. The latter has opened
new avenues of study regarding
the biology of sleep.
The 6X canine genome
sequence and SNP mapping.
Last year, a white paper submitted
to support the 6X sequencing of
the dog genome received approval
from NHGRI. Sequencing of a
highly inbred female Boxer began
at the Whitehead Genome Center
in June 2003, with completion
expected by Spring 2004. Plans
are also underway to find single
nucleotide polymorphisms (SNPs)
in nine distinct breeds of dog and
a wolf. While final selection is still
underway, breeds being selected
represent significant phenotypic
variation, distinct lineages and
high levels of genomic variation. 
Mapping complex traits. The
genome sequence has increased
interest in using the dog to map
the genetics of complex traits.
Most dog breeds have been
created in a few generations, so a
small number of key loci are likely
responsible for their characteristic
features. A recent analysis of canid
morphology in Portuguese Water
Dogs demonstrates the value of
breeds with limited numbers of
founders for studies in quantitative
genetics. Investigators at
University of Utah identified four
significant quantitative trait loci
(QTLs) for distinct aspects of
canine skeletal morphology.
Similar approaches are now
applied to the study of complex
diseases such as hip dysplasia.
Linkage disequilibrium
mapping. The unique history of
dog breeds suggests that linkage
disequilibrium (LD) mapping will
be useful for identifying genes
associated with both simple and
complex traits. Additional studies
will determine how truly
polymorphic various dog breeds
are, how much haplotype
information breeds with anecdotal
histories share, and how far
regions of LD extend across the
dog genome.
Summary. The development of
dog breeds by selection for
rarified traits represents one of
the greatest experiments in
biological variation ever done by
man. The dog genome map and
DNA sequence offer great
opportunities for understanding
the genetic regulation that
accounts for the greatest
extremes of natural variation.
Where can I find out more?
White paper proposal for sequencing
the canine genome:
http://www.genome.gov/Pages/Res
earch/Sequencing/SeqProposals/Ca
nineSEQedited.pdf 
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